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Growing human activity in areas beyond national jurisdiction (ABNJ) is driving increasing
impacts on the biodiversity of this vast area of the ocean. As a result, the United
Nations General Assembly committed to convening a series of intergovernmental
conferences (IGCs) to develop an international legally-binding instrument (ILBI) for
the conservation and sustainable use of marine biological diversity of ABNJ [the
biodiversity beyond national jurisdiction (BBNJ) agreement] under the United Nations
Convention on the Law of the Sea. The BBNJ agreement includes consideration of
marine genetic resources (MGR) in ABNJ, including how to share benefits and promote
marine scientific research whilst building capacity of developing states in science and
technology. Three IGCs have been completed to date with the fourth delayed by the
Covid pandemic. This delay has allowed a series of informal dialogues to take place
between state parties, which have highlighted a number of areas related to MGR and
benefit sharing that require technical guidance from ocean experts. These include:
guiding principles on the access and use of MGR from ABNJ; the sharing of knowledge
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arising from research on MGR in ABNJ; and capacity building and technology transfer
for developing states. In this paper, we explain what MGR are, the methods required
to collect, study and archive them, including data arising from scientific investigation.
We also explore the practical requirements of access by developing countries to
scientific cruises, including the sharing of data, as well as participation in research
and development on shore whilst promoting rather than hindering marine scientific
research. We outline existing infrastructure and shared resources that facilitate access,
research, development, and benefit sharing of MGR from ABNJ; and discuss existing
gaps. We examine international capacity development and technology transfer schemes
that might facilitate or complement non-monetary benefit sharing activities. We end
the paper by highlighting what the ILBI can achieve in terms of access, utilization,
and benefit sharing of MGR and how we might future-proof the BBNJ Agreement with
respect to developments in science and technology.
Keywords: high seas, marine genetic resources, access and benefit sharing, UNCLOS, developing states
INTRODUCTION
Areas beyond national jurisdiction (ABNJ) lie outside of the
exclusive economic zones of coastal States covering 61% of
the ocean surface and 73% of its volume (O’Leary et al.,
2019). This vast area, contains a rich biodiversity of marine life
representing nearly 4 billion years of evolution, ranging from
viruses and bacteria to the largest animal ever to exist on Earth,
the blue whale. Because of gaps in the governance framework
of ABNJ and increasing threats to its marine biodiversity, the
United Nations General Assembly has committed to convene
a series of intergovernmental conferences (IGCs) to develop
an international legally-binding instrument (ILBI) for the
conservation and sustainable use of marine biological diversity
of ABNJ (Biodiversity Beyond National Jurisdiction or BBNJ
agreement) under UNCLOS (UNGA, 2017; Wright et al.,
2018). The BBNJ agreement, focuses on four main areas:
Marine Genetic Resources (MGR), area-based management
tools, including marine protected areas; environmental impact
assessments (EIAs); and capacity building and technology
transfer (UNGA, 2015, 2017). This paper focuses on MGR,
including the practicalities of equitable access to them and the
sharing of benefits arising from their use.
Marine genetic resources include the genetic information
marine organisms host enabling them to produce a wide range
of biochemicals (Jaspars et al., 2016) that can benefit humankind
through applications of biodiscovery of pharmaceutical
compounds, cosmetics, food supplements, research tools, and
in industrial processes (Blasiak et al., 2020a,b; Harden-Davies,
2020). They also include adaptive solutions found in deep-sea
organisms that can also inspire novel materials and structural
designs (e.g., light conductance and protective materials; Sundar
et al., 2003; Yao et al., 2010). Additional applications of new
genetic tools and technologies include tackling invasive species,
prevention of biofouling on the hulls of vessels, bioremediation
and wildlife management. An understanding of the structure
and function of the genetic diversity of ocean life is also crucial
for assessing adaptation potential in a changing climate, and
for the conservation and sustainable use of marine biodiversity
(Supplementary Material 1.0).
Marine genetic resources, including the access and
sharing of both monetary and non-monetary benefits (see
Supplementary Material 2.0), are complex topics in themselves,
as is understanding of the different steps involved in marine
scientific research: from exploration at sea, to the analysis
and archiving of resulting collections and data; to production
of scientific output, publications, decision support tools and
technological innovation and development (Rabone et al., 2019).
The BBNJ agreement prioritizes promoting, and not inhibiting
marine scientific research and innovation; recognizing the
benefits of ABNJ to human wellbeing; the key role of science in
management and conservation; and in lifting the capacity of all
States to support equitable sharing in the benefits of research,
technology development, capacity building and innovation (UN,
2019). However, much of the text relating to MGR in the ‘Revised
Draft Text of the BBNJ agreement’ (UN, 2019) remains in square
brackets, indicating a persisting divergence of views between
States on several aspects of this element of the BBNJ negotiations.
The issue of MGR has therefore become critical because the
BBNJ agreement is a package deal where “nothing is agreed until
everything is agreed” (Danilenko, 1993; Wright et al., 2018).
Science and capacity building play prominent roles
throughout the provisions on MGR, including in relation
to access and sharing benefits from MGR and contributing to the
conservation and sustainable use of BBNJ. The United Nations
Convention on the Law of the Sea (UNCLOS) gives all States
the right to conduct marine scientific research and to use living
resources sustainably in ABNJ (Wright et al., 2018; see UNCLOS
Articles 143, 238, and 241). These rights are conditional on
duties, in accordance with UNCLOS and the general principles of
international law, including: the protection and preservation of
the marine environment, conservation of high-seas living marine
resources, capacity building and technology transfer (Harden-
Davies and Gjerde, 2019; Harden-Davies and Snelgrove, 2020).
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However, because of the remoteness of ABNJ, far from coastal
waters and typically at depths well below 200 m, access presents
substantial technological challenges, necessitating significant
technical, human and financial resources available only to
a few States (Bernal and Simcock, 2016; UNESCO, 2017).
Requirements for research in ABNJ include: state-of-the-art
scientific research vessels equipped with modern sampling
tools, including for deep-sea research, and trained personnel in
all disciplines of marine sciences and associated technologies
(Figure 1; Broggiato et al., 2014; Glover et al., 2016). These
FIGURE 1 | Advanced infrastructure required for marine scientific research in ABNJ. (A) RV Polarstern (Germany; K. Linse), (B) RV Cabo de Hornos (Chile;
J. Sellanes), (C) RV Atlantis (United States; T. Shank), (D) SA Agulhas II (South Africa; B. Frinault, University of Oxford), (E) Autosub AUV (United Kingdom;
A. D. Rogers), (F) Isis ROV (United Kingdom; A. D. Rogers), (G) Shinkai 6500 submersible (Japan; A. D. Rogers), and (H) Sentry AUV (United States; L. Levin).
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vessels, which cost between $25,000 USD (TDI Brooks Proteus)
to >$87,500 USD per day (Japan Agency for Marine-Earth
Science and Technology’s vessel Yokosuka with submersible
Shinkai 6500) excluding fuel costs, are typically operated as
publicly funded facilities of developed States, or by offshore
industries or philanthropic organizations (e.g., the Schmidt
Ocean Institute’s Falkor). Some organizations run research
vessels which are affiliated with government institutions (e.g.,
the 501(c)(3) non-profit organization Ocean Exploration
Trust which coordinates with the National Oceanographic
and Atmospheric Administration [NOAA]). Research and
development involving MGR also require onshore laboratory
facilities of varying levels of sophistication, complexity and
interaction with industry or government (see below).
Many developing States lack the capacity to access and
utilize marine biodiversity and MGR of ABNJ. Even access to
collections (e.g., samples of organisms, tissues, and DNA/RNA),
data, including digital sequence information (DSI; Rabone et al.,
2019; Houssen et al., 2020), or ocean-going vessels may be of
limited use if States lack adequately resourced research and
educational institutions to acquire, maintain, and update the
required infrastructure or cyberinfrastructure, and to strengthen
human capacity to assess, analyze, and evaluate such resources
(Broggiato et al., 2014; Harden-Davies, 2020).
In this paper, we analyze areas of contention and common
misunderstanding in the discourse on access and benefit sharing
of MGR in the BBNJ agreement. We intend this analysis to inform
ongoing deliberations related to the BBNJ agreement and hope
that it will be useful for government representatives as well as
supporting experts in ocean law, economics, management, and
science. Here, we consider “access1” as access to: (i) specimens or
samples of organisms collected from ABNJ, including extracted
tissues, DNA, RNA or other extracted biochemicals; (ii) DSI
related to organisms collected in ABNJ; (iii) data associated with
the collection of samples in ABNJ; (iv) scientific infrastructure,
technology and expertise to enable developing States to undertake
research and training in research on MGR from ABNJ, including
placement of scientists on research vessels and in appropriately
resourced laboratories. Our specific objectives are:
(i) To explain MGR and the methods required to explore
and collect these resources from the ocean, and access,
study and archive them, including data arising from
scientific investigation.
(ii) To identify what is practically required to enable access
and benefit sharing of MGR without compromising marine
scientific research under the BBNJ agreement and to
outline current best practices, risks, potential problems,
and their solutions including: pre- and post- research
cruise notification; sharing of information and technology
1The Draft BBNJ agreement (UN, 2019) does include a definition of Access,
in square brackets, in Article 1 [1]: [1. “Access” means, in relation to marine
genetic resources, the collection of marine genetic resources [, including marine
genetic resources accessed in situ, ex situ [and in silico] [[and] [as] [digital
sequence information] [as genetic] sequence data [and information]]].] It is
notable that Article 10 of the draft BBNJ agreement (UN, 2019) refers to both
collection and access.
regarding sampling at sea; and research and development
on-shore including management of data and samples.
(iii) To outline existing infrastructure and shared resources that
facilitate access, research and development, and benefit
sharing of MGR from ABNJ; and discuss existing gaps.
(iv) To provide illustrative examples of current capacity
building and technology transfer that might facilitate
or complement non-monetary benefit sharing activities
and how the BBNJ agreement could strengthen existing
practices or create new avenues and opportunities.
(v) Discuss access, utilization, and benefit sharing of MGR in
light of future development of technology and how we
might future proof the BBNJ agreement with respect to
such developments.
ASSESSMENT OF POLICY AND
IMPLICATIONS
Defining Marine Genetic Resources
The definition of MGR is complex and the BBNJ draft text
includes more than one draft definition (see Supplementary
Material 3.0). This is not confined to the BBNJ agreement
and discussions are also taking place amongst parties to the
Convention on Biological Diversity (CBD) particularly with
respect to the inclusion of DSI for access and benefit sharing
(Lyal and Zhao, 2020). Here we understand MGR as the genetic
material present in all marine life, including the physical genes
and gene clusters (DNA and RNA), the information they encode
(i.e., DSI), and the products of the genes, including, a wide
range of molecules (e.g., enzymes, structural proteins, peptides,
secondary metabolites), their derivatives, the biological processes
they are a part of (e.g., biosynthetic pathways), and the physical
structures they form that offer actual or potential value to
humankind (Rabone et al., 2019). Value can include: monetary
value in terms of commercial products, but also the concept of
‘inherent’ value’: maintenance or improvement of the resilience
and/or adaptability of marine species, including exploited species
and ecosystems (Harden-Davies and Gjerde, 2019; Marlow et al.,
2019). The definition of MGR must cover the genes of organisms,
the information they contain, and the variety of potential uses
today, and in the future, to be scientifically valid (Rabone et al.,
2019) and for all uses of MGR to benefit humankind.
The use of MGR for biodiscovery may occur through several
different pathways. These include (from Broggiato et al., 2014;
Blasiak et al., 2020a):
(i) In situ pathway: harvesting biological molecules from
preserved tissue samples.
(ii) Ex situ pathway: extracting molecules from breeding,
cultivation or culturing of living organisms.
(iii) In vitro pathway: expression of DNA coding for specific
proteins in cultured cells (genetically modified organisms)
to produce large quantities of a protein which can be
purified and used for scientific studies or produced in
industrial quantities (e.g., insulin).
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(iv) In silico pathway: the use of sequences of nucleic acid (DNA
or RNA) stored as digital information to create proteins,
molecular processes, biogenic precipitates, innovation,
genetically modified organisms and synthetic organisms.
When UNCLOS was originally negotiated many aspects of
MGR and the technologies used to identify and develop them
for commercial use were not known (Leary, 2018). Furthermore,
as we outline in this paper, the ways of collecting, identifying,
accessing and using knowledge related to MGR is rapidly
advancing. Whilst the majority of MGR identified to date are
from coastal or deep waters within exclusive economic zones
(Leary, 2018) they also exist, sometimes exclusively, within ABNJ
(e.g., Yao et al., 2010). We therefore see it as essential to ensure
that any definition of MGR in the BBNJ agreement is clear
from a scientific perspective. It is desirable for such a definition
to be sufficiently broad to cover the full range of aspects of
biology that may be of value to humankind under current
scientific practice, including any derivative products, and future
technological advances (see Supplementary Material 3.0). We
also note that whilst non-monetary benefits can be derived from
marine scientific research and discovery of MGR in ABNJ it
is only when MGR are actually utilized to generate profit that
monetary benefits can be triggered.
Cruise Notification: Current Practice
For developing States to place personnel on board research vessels
in ABNJ for non-monetary benefits such as training, capacity
building, or the opportunity to collect samples to assess the
presence of MGR, prior cruise notification is required. Such
notification guarantees transparency in marine scientific research
in ABNJ and confidence for developing States that they can
identify opportunities for access and benefit sharing of MGR.
This notification will also assist in tracing MGR from sample
collection to commercial production, a requirement for sharing
monetary benefits. Access to records of past cruises (e.g., cruise
reports) can also expedite access to MGR, because they typically
contain details of biological material collected and where the
material has gone for investigation.
Prior cruise notification has been contentious because of
concerns that it could delay or even hamper marine scientific
research. Some states have also raised security concerns with
respect to advanced cruise notification. Given these discussions,
there is a need to streamline the currently fragmented and
complex practices in cruise notification (Table 1), combine
existing vessel databases and provide accessible information
on research vessels (Broggiato et al., 2018; Rabone et al.,
2019). Such rationalization of scientific cruise notification at
a global scale will not only help enable access for scientists
from developing States but will also assist in marine scientific
research. It will enhance opportunities for collaboration amongst
scientists from all States and might also prevent unnecessary
replication of scientific sampling reducing the environmental
impact of scientific activities. Given the massive costs of global
and ocean-class research vessels, this may also lead to more
effective usage of resources through better use of existing
cruises and by preventing cruise overlap (Oldham et al., 2014;
Collins et al., 2021). In Table 1 (see also Supplementary Material
4.0) we survey the current practices of cruise notification, with
examples provided for countries in different geographic regions,
as well as for international programs. We note the current context
of COVID-related issues with research vessel operations adds
further complexity to science cruise planning and may influence
some of our observations of current practice.
Collection of Samples by Industry
Fishing states collect biological samples in ABNJ as a
contribution to scientific management of high-seas fisheries
by regional fisheries management organizations and these may
also provide opportunities for access and benefit sharing for
MGR. Industrial activities in ABNJ may necessitate EIAs or
other scientific studies (e.g., mineral prospecting) prior to full
implementation of projects. This will likely increase following
the implementation of the BBNJ agreement as it will require EIA
of all activities potentially impacting biodiversity in ABNJ. Such
industries include: offshore cables for electricity transmission
or telecommunications; renewable energy projects; aquaculture;
climate remediation actions including carbon capture and
storage; and deep-seabed minerals mining. At present, there is no
mechanism for prior notification of such cruises or for archiving
of resulting reports, data or samples from such activities with
the exception of those related to deep-sea mining which are
subject to special requirements by the International Seabed
Authority2. While industry cruises specifically for the purposes
of investigating MGR are unlikely for economic reasons, it
should be noted that companies involved in mineral prospecting
for deep-sea mining have already collected biological samples
from the seabed and, in some cases, these appear to be available
for bioprospecting purposes (e.g., Deep Green, 2020). It is also
notable that cruises undertaken with government funding have
partnered with private organizations to target MGR for screening
for pharmaceutical compounds within the Exclusive Economic
Zone of coastal States (e.g., E/V Nautilus Cruise NA124 funded
by NOAA3).
Other Technologies for Sample Collection in ABNJ
Global, ocean and regional-class research vessels, as well as
some Remotely-Operated Vehicles (ROVs) and Autonomous
Underwater Vehicles (AUVs) are normally used for collection of
samples and data from ABNJ (Figure 1). However, other ocean
observation systems are used to collect physical oceanographic
and geological data (e.g., tsunami warning systems). Increasingly,
these autonomous platforms are able to collect biogeochemical
and biological data and samples. The major international
network which coordinates these platforms is the Global Ocean
Observing System (GOOS4). This network includes more than
3,700 Argo, 16 Deep Argo and 275 Bio-Argo floats, surface
drifters, fixed sensor platforms, ice buoys, moored buoys and
tsunameters. Whilst this infrastructure to date has not collected

























TABLE 1 | Pre-cruise notification practices at national and international level. Organisations which are involved in international cooperation on marine scientific research vessel operations are also included.
Region Organization Countries/organizations
involved
Pre-cruise notification Web address
Time of notification Route/map Other information




N/A N/A Web page with technical specifications for
research vessels and heavy equipment involved in
the program. Applications to calls for proposals to
use Eurofleets facilities are made through the site.
https://www.eurofleets.eu/
Europe Eurocean 14 member organizations and
6 cooperating organizations















N/A N/A Links through to national marine planning








12 months in advance Map showing approximate
routing of cruise and ports of
call
The cruise Principal Investigator/leader is given
along with an outline of the intended work. Also
gives information on cruises for NIOZ, GEOMAR
and CSIC.
https://www.marinefacilitiesplanning.com/
Europe Portal for Science
Cruise Planning
Germany Up to two years in
advance
Cruise schedule given with
area of operation and ports of
call
The cruise principal investigator/leader is given
along with details of heavy equipment to be
deployed. Also an overview of future projects
funded for cruises but not yet scheduled is given.
https://www.portal-forschungsschiffe.de/en/cruise-planning
Europe Institute of Marine
Research
Norway 12 months in advance Cruise schedule given with
area of operation and ports of
call
The name of the cruise is provided. Access to
further information is via a registered account.
https://toktsystem.imr.no/calendars
North America Bedford Institute of
Oceanography








United States Generally, 12 months in
advance
Cruise schedule given with
ports of call for most ships
The cruise principal investigator/leader is given
along with the name of the project or purpose of
the cruise. Schedule is also provided for some
heavy/deep-submergence equipment (e.g., Alvin
submersible).
https://strs.unols.org/public/Search/diu_all_schedules.aspx
North America Woods Hole
Oceanographic
Institution (WHOI)
United States 12 months in advance Cruise schedule given with
ports of call
Website redirects to UNOLS for schedules. The
cruise principal investigator/leader is given along
with the name of the project or purpose of the
cruise. Schedule is also provided for
heavy/deep-submergence equipment (e.g., Alvin
submersible). Data are also provided for past








United States Accessible via account Accessible via account NOAA Office of Ocean Exploration and Research
(OER) maintains the OER Digital Atlas, a
map-based portal that provides access to all data
from previous OER-supported expeditions going
back to 1999.
https://sdat.noaa.gov/Account/Login?ReturnUrl=%2FHome
%2FSchedule OER Digital Atlas
https://oceanexplorer.noaa.gov/explorations/explorations.html





Japan No information provided No information provided Website provides information on JAMSTEC
vessels, equipment and chartering rates. A portal




Asia National Institute of
Oceanography
India No information provided No information provided Website provides information on institutional






Australia No but live cruise tracker
available
Live position of vessels RV
Solander and RV Cape
Ferguson












































TABLE 1 | Continued
Region Organization Countries/organizations
involved
Pre-cruise notification Web address
Time of notification Route/map Other information
Australasia Marine National
Facility
Australia Up to 2 years in advance Cruise schedule given with
ports of call
The cruise principal investigator/leader is given








Member states of the
Intergovernmental
Oceanographic Commission




N/A N/A This site links to the Oceanic Ocean Information
Centre which provides a database of cruise
schedules from 1990 to 2016. Where these
records exist they can include information on
cruise ports of call, operating area, cruise















Currently 48 Institutions in 28
countries.
Up to 2 years in advance
where advanced
information is provided
Cruise schedule given with
area of operation and ports of
call for some
countries/vessels
For some countries/ships the cruise principal
investigator/leader is given along with the name
of the project or purpose of the cruise. For other
countries only details of some past cruises are
provided. Summary cruise reports are also













N/A N/A Annual meeting to discuss best practice, design,
and operation of research vessels and associated
scientific equipment. Also exchange vessel time
and equipment between countries. They also
provide links to regional research vessel










South Africa, Spain, Sweden,
United Kingdom, and the
United States
Up to 7 years in advance Cruise year is given, along
with the geographic segment
of operation and sampling
lines/stations to be occupied
Global program of sampling for physical
oceanography, carbon cycle studies,
biogeochemistry, and observations on
ecosystems. Cruise schedules include the name
of the cruise principal investigator/leader. Contact








Based in the United States
but the vessel is open to
scientists globally.
Up to a year in advance Cruise dates are given along
with area of operation.
A detailed project summary is provided along with
information on participating institutions. Data
collected from each cruise is open access along






based in United States but
open to scientists globally.
Up to a year in advance Cruise dates and geographic
area of operation.
A detailed project summary is provided along with
information on participating institutions. Many
cruises include live telepresence enabling
involvement of scientists not on the vessel as well
as public outreach. Partnered with the NOAA
Ocean Exploration Program.
https://nautiluslive.org/expedition
International REV Ocean Non-profit company based in
Norway but open to scientists
globally.
Detailed plans a year in
advance, outline areas
of operation up to
5 years in advance
Cruise dates and areas of
operation.
Ship is due for delivery in late 2022/early 2023.
Detailed summary of projects and cruise principal
investigators/leaders will be published in advance
of cruises. Calls for seatime will be open to all
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autonomous platform technology include the ability to collect
and sequence DNA (e.g., the Environmental Sample Processor,
ESP; Hansen et al., 2020). Similarly, ocean observatories (fixed
arrays of sensors, cameras and sampling equipment), including
those located at a considerable distance from the coast, in
deep water, already sample microorganisms for DNA sequence
analyses over time (e.g., Axial Seamount Array; Smith et al.,
2018). It is therefore important that access and benefit sharing
arrangements incorporated within the BBNJ agreement include
the entire range of specimen and data collection technologies
currently used in the ocean and which are in development
now or in the future. The Deep Ocean Observing Strategy
(DOOS) noted the fragmented nature of deep-ocean observations
from GoShip, Argo, OceanSITES, observatories and gliders and
proposed coordination of sustained observing activities that
provide critical context for MGR (Levin et al., 2019). Samples
arising from such platforms could also be archived in a similar
way to samples from research cruises. This would necessitate a
better integration of such observation programs with museums
or other institutions that can archive and curate such samples
over the long term (see below).
The Way Forward
Current practice in advanced cruise notification varies among
countries or even among organizations within a country
(Table 1). Some countries provide advanced notification of
cruises and cruise details (e.g., United Kingdom, United States)
while other countries do not or these are not readily discoverable
(e.g., China, Japan, Korea, India). Some countries can provide
advanced details on cruises through contact with the cruise
planning office (e.g., Canada). However, information can vary
even within a country (e.g., Germany).
A globally available platform for pre-cruise notification and
post-cruise reporting will assist in opening access and expediting
benefit sharing for MGR in ABNJ, as well as benefiting marine
scientific research. Given the vast size of ABNJ yet to be studied
by marine scientists, such a rationalization of global cruise effort
will benefit marine science and humanity overall. The United
Nations Educational, Scientific and Cultural Organisation’s
(UNESCO) Intergovernmental Oceanographic Commission’s
(IOC) International Ocean Data Exchange (IODE) Oceanic site
offers a suitable platform for notification of science cruises in
ABNJ internationally, although this site currently lacks details
for cruises beyond 2016 (Table 1). It provides the architecture
for pre-cruise and post-cruise notification, possibly with some
modifications such as a mechanism to search for cruises by
geographic area5, to act as a clearinghouse for announcement
of future cruises and for information on past cruises. Ideally,
this clearinghouse would be integrated with existing systems
for cruise notification rather than a new standalone system.
Alternatively, a public private partnership, such as with the
Ocean Data Platform (ODP6) might also work well, or integration
between IODE, ODP, and other networks such as DOOS.
5http://www.pogo-oceancruises.org/
6https://www.oceandata.earth/
Many sites for cruise notification contained broken links to
other addresses reportedly holding cruise information or gaps
in information, such as providing schedules for some vessels
and not others. This inconsistency suggests a need for increased
rigor to meet requirements for advanced cruise notification
and for providing details of past cruise activities. This requires
consideration of: (a) resource requirements to maintain the
information flows and (b) buy-in from national focal points
to whom the scientific community would provide the cruise
details. Creating a system where it is a requirement that all
principal investigators for scientific cruises, both publicly and
privately funded, fill out an online form comprising the basic
cruise information or relevant data would be an easy means
to achieve this.
Where sensitivity exists regarding security for specific research
vessel fleets, a system of notification of publicly and privately
funded future science projects in ABNJ could be initiated
that does not provide specific cruise dates, the vessel and
ports of call, and instead outlines the science activity and
region of operation. Security concerns regarding advanced cruise
notification, however, must be considered in the context of real
time positional data provided by many vessels for reasons of
maritime safety. Most research vessels can be tracked in real
time via their Automated Identification System (AIS) on the
Marine Traffic website7 with some exceptions (e.g., some Chinese
research vessels).
‘At Sea’: Sampling the Ocean
Scientists have routinely sampled living organisms from the
deep ocean since the mid-nineteenth century (e.g., the HMS
Challenger expedition 1872–1876). Some technologies have
changed little over many decades or even a hundred years or more
and sampling still uses over-the-side equipment (e.g., trawls,
dredges, water sampling bottles [Niskins], corers), although with
greater emphasis on maintaining sample integrity and avoiding
contamination. More recently, driven by advances in technology
associated with offshore industries, scientists have begun to use
submersibles, ROVs, AUVs and autonomous surface vehicles
(ASVs) (Baker et al., 2020). These devices can collect samples
containing multiple organisms or, with more recent and precise
technologies, discrete samples of single animals or even a part
of a single animal (Figure 2). These vehicles allow precise
sampling and non-intrusive monitoring, reducing impacts on the
marine environment. Both benthic landers, deployed for short
periods, and long-term observatories may also have technology
incorporated to take samples and sensor data over time. Baited
traps can also be deployed from the surface or from submersibles
or ROVs to collect scavenging animals. Comprehensive coverage
of all forms of current biological sampling techniques for the
deep ocean is provided in Clark et al. (2016) and general
marine sampling in other publications (e.g., Harris et al., 2000;
Selvanes et al., 2017).
Once collected, samples are processed on board the vessel
prior to transport back to land, where further processing and
investigation takes place in a laboratory in a university, museum
7https://www.marinetraffic.com/en/ais/home/centerx:-12.0/centery:25.0/zoom:4
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FIGURE 2 | Sampling equipment for marine scientific research. (A) Water sampling rosette with Conductivity, Temperature, and Depth (CTD) sensors for collecting
water samples for physical oceanographic measurements, biogeochemistry, and microbiology (A. D. Rogers). (B) Macrozooplankton trawl (A. D. Rogers); a multiple
net system which collects samples of small zooplankton. (C) Bongo net for taking vertically hauled samples of plankton (M. L. Taylor). (D) Specimen of the urchin
Dermechinus horridus being sampled using an ROV “slurp gun” (A. D. Rogers). (E) Science skid of the submersible Alvin showing push cores and biobox for
samples (L. Levin). (F) Multicorer for deployment over the side of a research vessel (M. L. Taylor). (G) Core tube with sample of sediment (M. L. Taylor). (H) Epibenthic
sledge, a type of trawl used to take samples of megafauna from the seafloor (M. L. Taylor).
or other research institution (Figures 3, 4 and Supplementary
Figure 5). Giving each individual sample a unique identifier
post-collection that ties the sample to a specific sampling
event along with the associated environmental data represents a
critical stage in the collection of samples at sea (Rabone et al.,
2019; Figures 3, 4). Such data typically include environmental
information such as water depth, temperature, salinity, oxygen,
fluorescence (a proxy for chlorophyll concentrations), turbidity,
and other parameters all marked by Greenwich Mean Time
(GMT) or local time and ship’s and/or vehicle’s navigation
information. Data will also include a variety of types and
formats. For submersibles, ROVs, and other sampling devices
fitted with cameras, data may also include video film and/or
photographs of the sampling event. Coupled with multibeam-
generated bathymetric maps of sampling locations, these data
can provide detailed topographic and geophysical context for
where the collected organisms live. Without a unique identifier,
tying a sample or specimen to a specific location, water depth,
date and time, most forms of subsequent investigation such as
taxonomic identification and/or description, ecological studies,
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FIGURE 3 | Handling of samples during marine scientific research. (A) Sponge specimen being removed from biobox on ROV science skid (D. Wagner).
(B) Specimen of octocoral being photographed in the laboratory on board a ship (D. Wagner). (C) Photograph of black coral specimen showing label with sample
details (D. Wagner). (D) Specimen of black coral in plastic bag for preservation with label inserted in bag with sample details (D. Wagner). (E) Samples and
sub-samples in containers. Most containers will have sample labels both on the outside of the container and a label inside (A. D. Rogers). (F) ROV control van
showing video screens both for navigation and for sampling operations. Sampling operations are recorded so details of the environment where a sample is taken can
be retrieved post cruise (A. D. Rogers).
EIAs or strategic environmental assessments are impossible or
severely compromised. For example, description of a new species
requires information on the type locality, the place where the
sample was collected. Therefore, best practices widely adopted by
marine scientists, already include allocating a unique identifier to
samples/specimens and recording environmental data associated
with their collection (Glover et al., 2016; Schiaparelli et al., 2016).
Ideally, specimens or cultures in the case of some microbial
samples, should be archived following investigation in a curated
collection where they can be maintained in the best possible state
of preservation for the purposes of the investigation. The form
of preservation usually relates to the final intended use (e.g., for
taxonomy; see below), sometimes rendering the material of low
value for other uses. Also, it is important that the treatment
of samples during storage is recorded as this can alter the
properties, or, in the case of microbial cultures, the taxonomic
composition of samples.
General Collection for Marine Scientific Research
The majority of marine scientific research undertaken in ABNJ
that involves sampling biological material is not for purposes of
investigation of MGR. Instead it is for understanding patterns of
biodiversity, ecology, evolution, and biogeochemical processes in
the ocean and includes sampling of microbes, small organisms
living on or in the seafloor or the water column to larger
individual animals or seaweed (e.g., Sargassum). Conventionally,
samples for ecological studies at sea undergo preliminary sorting
on the vessel where practical prior to preservation for taxonomic
identification, stable isotopic analyses, for genetic/genomic
sequencing studies, or other investigations (Figure 3). For
individual specimens of megafauna (animals visible in video or
photographic images underwater, generally ≥ 2 cm in length;
Clark et al., 2016) and sometimes macrofauna (animals collected
in sediment cores and retained by a 0.3 mm meshed sieve; Clark
et al., 2016), researchers often take photographs of specimens on
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FIGURE 4 | Schematic diagram showing the processes of marine scientific/MGR research from sampling, sample processing, laboratory investigation through to
commercial product. Stages where unique identifiers are assigned and data produced are shown. Images are from the following sources: A. D. Rogers; M. L. Taylor;
M Jaspers; Christine Matthews (Geograph Project); NIAID (Wikipedia Creative Commons); Pfizer, Netherlands (https://www.pfizer.nl/product/cytarabine-hospira).
board using a camera on a stand or mounted on a microscope
(Glover et al., 2016; Schiaparelli et al., 2016; Figures 3B,C).
This practice captures features that may be lost or obscured
during preservation, such as color and fine structural features.
Measurements and biomass of specimens may also be taken
at this point (Schiaparelli et al., 2016). Photographs may aid
subsequent identification or description of the species sampled.
The inclusion of a label with the unique identifier assigned to a
specimen in the photograph can also help further tie a sample
to a sampling location and subsequent laboratory examination
(Figures 3C,D). For bulk-processed samples (i.e., mixed-taxa
lots with multiple organisms within a net sample or sieved
from mud in core samples), some limited sorting into major
organismal groups (e.g., copepods, polychete worms etc.) may
occur before preservation, and researchers may measure sample
biomass or volume (Harris et al., 2000; Schiaparelli et al., 2016).
Alternatively, a sample may be bulk fixed for sorting after a
cruise. Microbial communities in the water column are often
collected using Niskin bottles and seawater filtered with the
filters then frozen for subsequent extraction of DNA/RNA (e.g.,
Biller et al., 2018). Sediment microbial communities, microbial
mats and meiofauna (organisms passing through a 0.3 mm
sieve and retained on 32–63 µm sieve) can be sampled using
cores (Figures 2F,G) and these can likewise be frozen prior to
DNA/RNA extraction (e.g., Vonnahme et al., 2020).
Following initial documentation, most samples of organisms
are fixed in a tissue fixative, such as ethanol or formalin in
buffered seawater, the strength of which varies depending on
the taxon (Wilson, 2005; Schiaparelli et al., 2016). Following
fixation, specimens are usually transferred to 70–100% ethanol,
depending on taxon, for long-term storage (Wilson, 2005;
Rainbow, 2009). However, in some cases initial fixation may
use 70% ethanol (e.g., sponges; Wilson, 2005) or use formalin
for long-term storage (e.g., Scyphozoa or jellyfish; Wilson,
2005; Rainbow, 2009). Conventional methods for fixation and
preservation of samples destroy genetic material or make it
difficult to extract and sequence, therefore samples or sub-
samples for extraction of nucleic acids are generally fixed
and preserved in 100% molecular grade ethanol (for DNA
extraction and sequencing) or RNALater (for RNA and DNA
extraction and sequencing). These samples are also refrigerated
or placed in an ultra-cold freezer immediately to minimize
degradation of nucleic acids over time. Alternatively, researchers
may flash freeze specimens for genomic, transcriptomic or
proteomic analyses in liquid nitrogen and then store them in
low temperature freezers (–80◦C) or in a dry vessel filled with
liquid nitrogen (–180◦C). While liquid nitrogen storage is ideal
for stabilizing RNA for example, small dry shippers typically
carried on research cruises can only maintain temperature for
a period of 2–3 weeks, therefore storage beyond this point
may lead to tissue thawing and subsequent loss. This can
be a problem if samples are delayed at customs on route
to a laboratory or museum. Split sampling where possible
therefore is best-practice, for example, tissue sub-samples from
megafauna stored separately in ethanol, RNAlater, and a dry-
shipper. Some biological specimens can be dried for preservation,
such as skeletons or calcified parts of bodies (e.g., teeth,
otoliths, and shells) as well as herbarium specimens of marine
algae. These specimens can yield DNA for sequencing studies
more easily than formalin-fixed material (Morin et al., 2006;
Williamson et al., 2015). It is also notable that the technology
for ROVs and autonomous underwater or surface platforms
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to preserve samples in situ prior to recovery of the vehicle
or mooring has been developed (e.g., the ESP; Hansen
et al., 2020; see McQuillan and Robidart, 2017 for review of
emerging technologies).
‘Ashore’: Archiving of Specimens for
Marine Scientific Research and
Exploration of MGR
Depositing and Curating Specimens and Samples
Rabone et al. (2019) reviewed current best practice in the
archiving of biological specimens and samples for analyses of
nucleic acids from ABNJ. Ideally, researchers should deposit
biological specimens collected during marine scientific research
in the collections of museums or other scientific, research,
and educational institutions with adequate infrastructure and
funding to manage and curate them long-term. This archiving
includes physical specimens of animals, plants, and algae but
also culture collections including microbial samples. As stated
above, specimens for marine scientific research are generally
conserved over the long term in >70% ethanol, or in formalin
for some taxa. Frozen samples or sub-samples (usually DNA,
isotope or microbiological samples) require storage at low
temperatures usually within biorepositories or biobanks (e.g.,
Strand et al., 2020). Other organisms may be stored as dried
specimens or as series of slides showing important structures
for taxonomic differentiation. Typically, scientists can borrow
specimens internationally from such institutions to aid their
investigations, which requires a system for cataloging, labeling,
and organizing individual specimens, to facilitate location both
for maintenance and for internal and external loans. Curators
achieve this objective by assigning a permanent accession
(or registration) number for every sample when placed into
an institutional collection (Figure 4). International loans are
subject to CITES and CBD regulations, which have resulted in
significant problems for international collaboration in marine
scientific research especially in countries where administrative
infrastructure is inadequate. Microbial culture collections may be
operated on a commercial or semi-commercial basis. The long-
term storage and curation of biological material in institutions
is challenging, both technically and in terms of costs but is
essential for monetary and non-monetary access and benefit
sharing of MGR and marine science in general for ABNJ (see
Supplementary Material 5.0).
In practice, for some types of scientific investigation there is
not an intention (or requirement) to archive samples over the
long term, so they may be destroyed following completion of
an investigation. In the deep sea, however, such practices are
highly problematic as the deep-sea fauna in most environments
are poorly characterized (e.g., samples often include undescribed
species), and are collected at immense expense (Rabone et al.,
2019). Given the immense cost of deep-sea sampling, this
discarding is wasteful and better coordination and practice in
making samples available to others with facilities for long-term
archiving following initial scientific investigation would improve
knowledge on ocean biodiversity as well as other aspects of
biology or research on MGR. For instance, even to this day new
taxa are described from specimens collected by HMS Challenger
close to 150 years ago (e.g., Lemaitre et al., 2018). Reducing the
need for collection of biological material also may reduce the
environmental impacts of sampling which is important in the
deep sea where natural levels of disturbance are low. Existing
archiving and infrastructure in museums and some university
collections also need improved coordination, for example
through distributed collections. Efforts to improve visibility of
collections holdings, the discoverability of records at collections
level and to improve existing registries/directories of collections,
are currently underway at the Global Biodiversity Information
System (GBIF) and Biodiversity Information Standards (formally
known as the Taxonomic Databases Working Group or TDWG;
e.g., GRBio; Schindel et al., 2016). These developments are highly
relevant in terms of transparency and discoverability of MGR.
Accessing Specimens and Samples for Access and
Benefit Sharing
Key to both scientific research and access and benefit sharing is
that samples can be tracked for further work (Rabone et al., 2019).
In the past, this might be achieved through direct contact with
an institution holding specimens or samples, or the researcher
who collected the material. At present, the entire process of
tracking and tracing samples, linking them to environmental
data, as well as even examining specimens is being revolutionized
through digitization (Drew et al., 2017; Nelson and Ellis, 2018;
Hedrick et al., 2020). This is providing enormous benefits to the
scientific community in being able to draw on data on marine
biodiversity from institutions holding specimens and samples
globally (Drew et al., 2017; Hedrick et al., 2020). For example, if
visual examination of a sample is all that is required to identify
a sample or for comparative study as part of a new species
description, this can also be done through digital 2D or 3D images
taken by the holding institution (e.g., Blagoderov et al., 2012).
For purposes of access and benefit sharing for investigation
of MGR, the aim is more likely to be to gain access to samples
for study. As outlined above, key to both marine scientific
research and access and benefit sharing of MGR is that individual
specimens or samples are assigned a globally unique identifier
(GUID) and that data on the location of sampling as well as
any environmental data associated with the sampling event and
subsequent processing remains linked to the specimen/sample
record. Potential users of specimens, samples or associated data
should be able to identify such samples through accessing the
cruise report, open databases related to biological collections,
records of biological samples from the ocean, nucleic acid
and any other forms of data related to MGR, and through
searches based on peer-reviewed scientific papers or reports.
This means that all of these data sources must be able to
communicate through the web so that data on samples are
shared and there are many potential routes to identify relevant
specimens or samples for access and benefit sharing, whether
it be for marine scientific research or investigation of MGR.
Key to this interoperability of databases is the usage of data
standards, for example MIxS, OBIS-ENV-DATA, Darwin Core,
and others (reviewed in Rabone et al., 2019). A key international
standard for biological data is Darwin Core (DwC) revolving
around a standard file format and standardized information on
taxonomy, occurrence and sampling event (Wieczorek et al.,
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2012). Darwin Core terms are published on the TDWG website,
a glossary of standardized terms including those describing the
identification of the specimen or samples, geographic origin,
the method of sampling, environmental data associated with
sampling, identification of sample relationships (e.g., one sample
is a sub-sample of another), information related to the specimen
or sample (e.g., its biomass), where it is stored and how it is
preserved8.
Specific databases relate to specific aspects of specimens
and samples collected at sea. For records of the occurrence of
marine species sampled in the ocean the main global database
is the Ocean Biodiversity Information System (OBIS9), which
is a part of the GBIF10. Environmental data associated with
collection of samples can also be deposited in a number of
databases including, for example, PANGAEA11 (Alberti et al.,
2017) and the National Science Foundation (NSF) sponsored
Biological and Chemical Oceanography Data Management Office
(BCO-DMO) project12. The International Nucleotide Sequence
Database Collaboration (INSDC13) provides a gateway to nucleic
acid databases such as Genbank14 and the European Nucleotide
Archive15. However, at present, the storage of sequence data
does not require a recognized scientific name (i.e., species
name) or the geographic location from which it was derived.
This has led to a proliferation of “dark taxa,” sequences
published without reference to valid scientific names, therefore
no information on what species they were derived from (Page,
2016). For many organism samples, particularly those found
in the open ocean, this situation is partially created by the
lag between identification of specimens and genetic/genomic
studies that are undertaken upon them. In such cases, specimens
are often designated as operational taxonomic units (OTUs)
particularly where they have been identified on the basis
of DNA sequence information alone. In some cases, the
species may be identified or described at a later date, but
the original sequence may not be updated with the valid
name. It is also common, especially for small organisms, that
they are destroyed or become useless during processing for
molecular studies.
Environmental DNA (eDNA) approaches, currently becoming
more popular for biodiversity surveys, also tend to destroy
samples but it is now being recognized that best practice is
to submit voucher samples from such studies to museums or
other institutions. The Global Genome Biodiversity Network
(GGBN16) has developed standard specifications for treatment
of such samples within databases (Droege et al., 2016). For
microorganisms, because of the vast diversity of bacteria and










separate species, for practical reasons they are often identified
as OTUs, so the “dark taxa” issue applies only to macrofauna
and megafauna. To resolve this issue, valid, resolvable ‘temporary
names’ are needed, used in a consistent way and linked to all
key databases (Horton et al., 2021). The Genomic Standards
Consortium (GSC17) and the GGBN and OBIS are currently
trying to standardize approaches to improved integration of
occurrence and sequence data or to provide links to these data
in other databases (Rabone et al., 2019). The progress made in
recent years illustrates that the scientific community is driving
and benefiting from efforts to improve accessibility of samples
and data as well as transparency in research.
Collection and Processing of Samples for Chemical
Investigation of Marine Genetic Resources/Isolation
of Bioactive Compounds
Research on MGR requires different approaches to that
of most marine scientific research in ABNJ. Researchers
working on MGR have developed protocols for large-scale
treatment of samples for chemical investigation, with the
Developmental Therapeutics Programme of the US National
Cancer Institute the largest and longest running program
(NCI; McCloud, 2010). By 2010, the NCI Natural Product
Repository had accumulated extracts from 15,000 marine species
including invertebrates and “plants” (presumably algae), mainly
from the shallow waters of the Pacific (McCloud, 2010).
The protocols developed by the NCI include transport of
frozen material to the institute, subsequent homogenization
of frozen samples, and extraction of the pulverized tissue
using aqueous and organic solvents (McCloud, 2010). The
liquid extracts containing polar and non-polar compounds from
the original specimens are freeze-dried for long-term storage
(McCloud, 2010).
At smaller scales typical of research laboratories, lyophilizing
(freeze drying) occurs immediately after collection (Houssen
and Jaspars, 2006) or samples are frozen until this process can
take place. Alternatively, immersion of specimens in a 50:50
solution of ethanol-water for 24 h prior to discarding the
liquid precedes sealing the damp sample in a container for
transport back to the laboratory (Houssen and Jaspars, 2006).
When samples arrive at the laboratory, they are immersed
in methanol. Ideally, collection of 1–2 kg (wet weight) of
samples precedes processing (Houssen and Jaspars, 2006). At
the laboratory scale, processing of samples can follow that for
large-scale preparation, with maceration of tissues in solvent
(typically ethanol/methanol and/or dichloromethane; Houssen
and Jaspars, 2006). Tissue residues are often repeatedly extracted
until they yield no further natural products (Houssen and
Jaspars, 2006). Sometimes researchers use a series of solvents
of increasing polarity for extraction, typically removing solvents
from extracted biochemicals using rotary evaporation (Houssen
and Jaspars, 2006; Supplementary Figure 5a). An alternative
extraction method uses supercritical fluids, usually carbon
dioxide (Houssen and Jaspars, 2006).
17https://www.gensc.org/
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Whether samples are collected for large-scale extraction
collections or for smaller laboratory-scale screening programs,
voucher specimens must be retained for taxonomic identification
of the species involved (Houssen and Jaspars, 2006; McCloud,
2010). In the context of bioprospecting, vouchering is
additionally relevant as patents require taxonomic information
and the archiving of voucher material, and also in terms of
assuring traceability, key to ensuring realization of benefit
sharing post-commercialization. Furthermore, knowing the
identification of the taxon as well as the geographic location from
which the sample comes from greatly assists choice of methods
for isolation of compounds and their identification as well as
understanding their potential properties (Houssen and Jaspars,
2006). Again, a unique specimen identifier can tie compounds
to specific samples of organisms and the associated data. At
a fundamental level, voucher specimens critically support
reproducible science.
The crude extracts from marine organisms contain a complex
mixture of compounds, complicating screening and separation
(Houssen and Jaspars, 2006). Fractionation is an important
initial step in screening for MGR, a process that separates
the complex mixtures of compounds in crude extracts into
fractions containing fewer compounds. The NCI’s Natural
Product Repository has now made publicly available a pre-
fractionated library from their collection of >125,000 extractions
adding up to 1,000,000 fractions (Thornburg et al., 2018). This,
and other fractionated libraries of extracts reduce the complexity
of the whole process of high-throughput screening for biological
activity (Thornburg et al., 2018). Fractionation of compounds is
usually achieved by chromatography, with screening of fractions
for biological activity and initial identification of compounds
through mass spectrometry (MS) and/or nuclear magnetic
resonance (NMR; Houssen and Jaspars, 2006; Wolfender
et al., 2019). These expensive technologies require skilled
and experienced researchers (Houssen and Jaspars, 2006)
emphasizing the point that states without a scientific policy
plan that invests in science will be disadvantaged (see
Supplementary Material 6.0). Dereplication, the elimination
of previously identified compounds with known biological
activities, represents an important step in this process. This step
avoids expensive and unnecessary work on further purification
and screening of previously identified compounds. Dereplication
involves comparisons of compounds identified in samples with
known compounds detailed in a range of paid-for or freely
available databases (Houssen and Jaspars, 2006; van Santen
et al., 2019; Wolfender et al., 2019). Importantly, a broad
range of information can help to identify natural products,
including the taxonomic information of the species, enabling
comparisons with natural products isolated from related taxa,
as well as providing information on the geographic origin
of the samples and genomic information (Wolfender et al.,
2019). Following identification of fractions containing novel
bioactive compounds, further purification steps lead to a
pure compound (Houssen and Jaspars, 2006). Approaches
that combine metabolomic and genomic data (see below)
also show great promise in the search for novel MGR
(Wolfender et al., 2019).
We note that the significant quantities of tissue required for
identification of MGR raises questions regarding the impacts
of sampling, particularly for smaller and/or rare organisms (the
majority of species in the deep sea) and especially if further
samples are required for investigation of specific MGR. It is
therefore important to consider the sustainability of sampling
for MGR in ABNJ, especially where repeated sampling may be
required to accumulate sufficient material for investigations. EIAs
are therefore likely to be required prior to undertaking such work
in ABNJ and it will be important to apply the precautionary
approach where impacts on species or ecosystems are uncertain.
However, improvements in analytical, spectroscopic and bioassay
techniques mean that the whole pipeline can be executed with
smaller samples than 1–2 kg wet weight. Additionally, many
researchers work on microorganisms obtained from marine
macroorganisms, sediment, or other samples and this reduces
the need for larger collections. Once compounds of interest are
isolated, they can often be synthesized in the laboratory negating
the need for further collection of specimens of the organism of
origin from the natural environment. These examples further
illustrate the trend in the scientific community in coordinating
and streamlining research, reducing its environmental impact
and increasing its reproducibility.
Nucleic Acid Data: Where Marine Scientific Research
and Screening for Marine Genetic Resources Cross
Over
Rather than profiling of metabolites (natural products), methods
are being developed to screen genomic libraries or genomic
sequence data to identify gene clusters for compounds that may
act against specific drug targets (Trindade et al., 2015; Ziemert
et al., 2016; Wolfender et al., 2019). This approach, known as
genome mining, is particularly useful for marine bacteria because
genes coding for biosynthesis pathways often cluster within the
microbial genome (Trindade et al., 2015). Therefore, a single
clone or a small number of overlapping clones in a library may
capture the entire pathway in terms of encoding genes (Trindade
et al., 2015). Polymerase chain reaction (PCR) or southern
blotting can identify those clones within a library that contain
specific gene clusters (Trindade et al., 2015; Wolfender et al.,
2019). Screening for bioactivity can also directly use the genomic
library (heterologous expression; Trindade et al., 2015; Ziemert
et al., 2016), enabling in silico predictions on the structure of the
metabolites for which such gene clusters code (Trindade et al.,
2015). Gene mining can be carried out on bacterial genomes or
on genomic libraries generated from environmental samples. It is
now possible to express the genes identified through mining not
only through heterologous expression but also through synthetic
biology (Ziemert et al., 2016). Rapid advancements of these
technologies explain the importance of considering DSI in the
BBNJ agreement with respect to MGR.
Marine scientific research and MGR cross paths in the
generation of large-scale genomic (nucleic acid) data from
environmental samples. Gene mining enables the search for MGR
through nucleic acid data collected for the purposes of describing
the genetic diversity and function of organisms in environmental
samples. The recent Tara Ocean and Malaspina expeditions
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illustrate global-scale marine scientific research programs that
produced large new datasets on the genome sequences of viruses
and a wide range of other microbial organisms from the water
column of the ocean, including ABNJ (Karsenti et al., 2011;
Duarte, 2015; Pesant et al., 2015; Supplementary Material 7.0).
The data sets produced by these expeditions offer significant
potential for discovery of novel genes and chemical compounds
(i.e., MGR) given minimal exploration of planktonic organisms
for their biotechnological potential (Abida et al., 2013). However,
such work is still challenging and developments in bioinformatics
and other aspects of discovery of MGR through such in silico
studies are in progress to realize the full potential of such
resources. It is clear, however, that as technology to access
the ocean and its interior advances, we can expect large-scale
increases in the availability of DSI from a broad range of
organisms living in a variety of habitats. This is not only
from deep-sea research cruises but also from ocean observing
programs such as the GOOS and DOOS. The move toward
open access data, as illustrated by Tara Oceans, demonstrates the
potential, aided by the rapid development of cheap technology
to sequence entire genomes at sea without necessarily even
bringing physical samples back to shore (e.g., Oxford Nanopore
Technologies18).
Capacity Development for Access and
Benefit Sharing of MGR
While the focus of this paper is not on capacity development
per se, it is an important element of the BBNJ agreement,
UNCLOS (Harden-Davies and Gjerde, 2019; Harden-Davies and
Snelgrove, 2020), other international ocean treaties (Rogers et al.,
2020) and initiatives such as the UN Decade of Ocean Science
for Sustainable Development. Many different actors including
governments, intergovernmental organizations, philanthropic
organizations, and academic institutes are trying to address this
issue. We therefore give an overview of the topic in the context
of the BBNJ agreement, highlighting examples of programs
that aim to build capacity of developing States at national and
international levels although a thorough treatment will require a
separate publication.
Examples of Marine Capacity Building Programs
Commitments across developed and developing States to
cooperate in capacity building and technology exchange are
potentially the most effective means to increase equity in
marine scientific research. An example of this is the Belem
Statement which outlined a strategy for joint prioritization
and coproduction of marine science for societal well-being
between Europe, South Africa and Brazil (Claassen et al.,
2019). The Statement also committed the partners to capacity
building, scientific and technology exchange. The importance of
such international commitments is in driving national funding
agencies to long-term support for capacity building activities for
scientists and other technical experts from developing States as
well as technology exchange with them.
18https://nanoporetech.com/
Capacity building has also been addressed through nationally
funded science or aid initiatives. For example, the US NSF
Partnerships in International Research and Education (PIRE)
program funded collaborative international research projects
that emphasized both co-production of science and educational
outcomes. PIRE led to collaborative projects on marine science
in the coral triangle that included co-produced peer-reviewed
publications (Barber et al., 2014). The subsequent USAID
Partnerships for Enhanced Engagement in Research (PEER)
program was aimed at supporting collaborative research with
other countries that furthered the US’s overseas development
objectives (Barber et al., 2014). PEER program projects were led
by developing country scientists who then co-produced science
with US scientists (Barber et al., 2014).
National policy frameworks within developing countries are
important for capacity building. An example of this was the
Science Without Borders program, which placed more than
100,000 Brazilian students in top-ranking overseas universities
from the period 2011 until the end of the program in 2017,
including those studying marine science. The policy resulted in
Brazil climbing to 11th in the world for science and engineering
peer-reviewed papers by 201819.
A range of capacity development initiatives have been
sponsored and organized by intergovernmental organizations.
These include activities aimed at building technical expertise
in the negotiation of, and implementation of international
agreements (e.g., the BBNJ agreement) and in sustainable use
of marine resources, including in ABNJ (Cincin-Sain et al.,
2018). Sponsoring organizations include the CBD, other UN
organizations such as the UNESCO IOC and the Global
Environment Facility (Cincin-Sain et al., 2018). An example is the
IOC’s Ocean Teacher Global Academy20, which provides a web-
based training platform that supports classroom training (face-
to-face), blended training (combining classroom and distance
learning), and online (distance) learning. It is provided through
a number of regional centers including in non-English languages
and includes basic training in marine science as well as handling
of data, data analyses and use of databases.
A number of civil society organizations also provide
capacity building opportunities including training in marine
scientific research, ocean governance, including the BBNJ
agreement, navigation, marine law and maritime security
(Cincin-Sain et al., 2018). Examples of sponsoring organizations
include Greenpeace, the International Chamber of Shipping,
the International Ocean Institute, the Natural Resource
Defense Council, the Nippon Foundation, the Sasakawa
Peace Foundation, the Tara Expeditions Foundation, the
World Wildlife Fund and various academic institutions
(Cincin-Sain et al., 2018).
Very few of these initiatives are targeted at training early career
researchers (ECRs) in marine scientific research at sea. From
2016 to 2020 the Tara Expeditions Foundation implemented a
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both on at sea expeditions and in European laboratories in
oceanography and particularly plankton research. The aim was
not only to build capacity but also a network of researchers in
developing States working collaboratively on plankton studies
(Cincin-Sain et al., 2018). Another example was the Training
Through Research (TTR) program, proposed by the Moscow
State University and supported by UNESCO, the European
Science Foundation and IOC. Between 1991 and 2012, the TTR
cruises trained undergraduates and postgraduates with hands-
on experience in at-sea research, with over 1000 students from
30 nations trained on 18 major cruises. Training ECRs at sea
or in the lab is now an important evaluation criterion in most
calls for funding of research cruises, including both public-
and philanthropic funders (e.g., SOI’s R/V Falkor, REV Ocean).
However, the term ECR does not specifically refer to researchers
from developing States, so the success of such programs in
developing capacity worldwide is unknown. A new international
Deep Ocean Training (DOT) program for training at sea is
under development within the framework of the Decade of
Ocean Science for Sustainable Development (Howell et al.,
2020) and is intended to build capacity in deep-sea research
for scientists at all levels of career especially those from small
island and coastal developing States. In the US, the NOAA Office
of Ocean Exploration and Research (OER) has developed an
Explorer-in-Training program, where over 120 undergraduate
and graduate students have received hands-on experience at sea
on deep-water seafloor mapping and exploration since 2009.
Both SCOR (Scientific Committee on Ocean Research) and
POGO (Partnerships for Observation of the Global Ocean) also
manage and promote shipboard training, regional and summer
workshops and fellowship programs to expand oceanographic
engagement by developing State scientists.
Increased capacity is only achieved if new knowledge
is incorporated over the long term by developing States.
For example, the Namibian Government’s National Marine
Information and Research Centre, recently organized training
on benthic ecology and sampling with international experts
from DOSI/INDEEP (Deep-Ocean Stewardship Initiative;
International Network for Scientific Investigation of Deep-Sea
Ecosystems). Subsequently, a new Namibian benthic scientific
team was created within the same research institute to conduct
coordinated deep-sea benthic observations and sampling during
all annual government deep-sea fisheries research cruises,
thereby building long-lasting capacity and a comprehensive
curated collection of deep-sea benthic fauna for the country.
This emphasizes the importance of having institutional support
so that scientists can secure long-term employment in roles
that allow them to use their talent (Harden-Davies et al., 2020).
Supporting and sustaining scientific experts locally, and enabling
long-term collaborations are critical to form science networks
and secure funding for local infrastructure and investment for
research in ABNJ. Capacity building programs for ABNJ can
have synergistic impacts on areas within national jurisdiction
(Vierros and Harden-Davies, 2020).
Investment in data management infrastructure and training
on data management is crucial in an era where we rely
increasingly on computational power to archive and analyze the
vast amount of complex data being produced at ever increasing
rates (Stocks et al., 2016). Digital assets should follow the FAIR
principles21 for scientific data management and stewardship:
Findable, Accessible, Interoperable, and Reusable (Wilkinson
et al., 2016). However, this is a complex topic and a large
proportion of scientists and other ocean stakeholders do not have
the expertise to correctly archive data, making it available to the
wider community. Training on data management is essential at
all levels of career development, but particularly for the next
generation of ocean experts. This is highly relevant for research
on MGR in ABNJ, where vast amounts of data are produced,
which need to be easily findable and accessible to ensure sharing
of information and knowledge (Leonelli, 2016).
Is Capacity Building in Marine Science Working and
What Is the Contribution of the Biodiversity Beyond
National Jurisdiction Agreement?
The above examples illustrate that science cooperation is
already happening and that capacity building in all States, and
at all career levels can happen as a by-product or central
focus of collaboration. Yet the fact that there are continuing
disparities in science capacity worldwide (IOC-UNESCO, 2020)
and imbalances in biodiversity research including for ABNJ
(Tolochko and Vadrot, 2021) indicates that the current status quo
is not resulting in equitability in research. More effort is needed.
Although assessments of current capacity in marine science
are improving (IOC-UNESCO, 2020) it is still extremely difficult
to identify where capacity and technology transfer is needed.
This requires an international effort to map what the capacity
building and technology transfer needs are of developing States.
A barrier to achieving this is that the outcomes of capacity
building and technology transfer measures are not monitored
over the medium to long term and approaches are piecemeal.
For example, a cruise opportunity might be viewed as tokenistic,
not building lasting capacity if a trainee then has no job to
go to in their home country. At worst, such capacity building
activities can perpetuate brain drain from developing States.
Monitoring and review of capacity building and technology
transfer activities will be an important aspect of implementation
of the BBNJ agreement. The best examples of capacity building
generate equitable partnerships over the long term from which
everyone benefits.
RECOMMENDATIONS FOR THE BBNJ
AGREEMENT
Given our overview of aspects of MGR, access and benefit sharing
as well as capacity building, we summarize what elements of
best practice in marine scientific research are already in place
that would assist in the implementation of access and benefit
sharing provisions in the BBNJ agreement and what still needs
to be developed.
21https://www.go-fair.org/fair-principles/
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Cruise Notification
Is Cruise Notification Feasible?
Cruise notification is not only feasible but is already best practice
in many States, international organizations and projects. The
infrastructure exists under IOC IODE for development of an
international system of cruise notification for ABNJ, giving
information on past cruises and also current and future cruise
opportunities. Current best practice can already address security
sensitivities during scientific operations.
Is Cruise Notification Desirable?
Pre-cruise notification is required for aspects of access and
benefit sharing. It would also further marine scientific research
cooperation through transparency and coordination at regional
and global scales. The transparency brought about by pre-
cruise notification and post-cruise reporting will also assist in
meeting international obligations under Part XIII of UNCLOS,
specifically Article 244.
What Information Would Be Required?
The information that is needed for pre-cruise notification
includes:
• The vessel
• The geographic area of operation
• The expedition start and end ports (can be omitted if there
are security issues)
• The expedition start and end date, or the general time
window in which the cruise is taking place (if there are
security issues)
• Types of sampling operations and heavy equipment
deployed
• The main scientific objective of the cruise
• The name of the Principal Investigator or Cruise
Coordinator
• Contact details for enquiries for cruise participation or
access to samples
However, we do not consider that the text of the BBNJ
agreement needs to be prescriptive in the details of what is
provided in pre-cruise notification. Some of the examples shown
in this paper already represent best practice in the provision
of this information. Pre-cruise notification should conform to
FAIR principles.
Post-cruise reporting is undertaken as best practice for many
research vessel operators and is often required by granting
agencies. These reports are a record of the work undertaken
on board a research vessel, including details of the sampling,
data collected, treatment of samples and scientific investigations
undertaken. Usually there will also be an indication of where
samples are to be worked up following the cruise. Post-cruise
reporting also often includes summaries of the operation of
scientific equipment as a means of guiding future improvements
in practice. Examples of post cruise reports by authors of this





Tracking, Tracing, and Accessing MGR
Usage of Unique Identifiers and Global Data
Standards
For the purposes of access and benefit sharing, it is important
to be able to link sampled organisms to marine scientific or
MGR research, to where they are ultimately archived. Tracking
the collection of MGR from ABNJ to the eventual realization of
commercial products and benefit sharing requires identification
of samples including their origin (Humphries et al., 2021). The
assignment of unique identifiers to samples and/or individual
specimens is standard best practice for marine science. This
includes assignment of unique identifiers to:
• Organisms subsampled from samples of multiple
organisms
• Organisms collected from larger organisms on or in which
they live (e.g., epizooites or endozooites)
• Samples split and preserved in different ways
• Subsamples of tissue removed from organisms for specific
preservation or extraction protocols (e.g., DNA-friendly
preservation or DNA extraction)
Labeling protocols should allow assignment of a sample or
subsample to an original parent sample or specimen (i.e., they can
be traced back to the original sample; Rabone et al., 2019). Usage
of global data standards and ontologies together with persistent
identifiers (e.g., GUIDs) allows for interoperability between
databases facilitating traceability and transparency (Rabone et al.,
2019). Such practices are already used by institutions such as
large museums in developed countries with global accessibility
of data achieved through databases such as OBIS and GBIF.
However, the application of such practices at global scale and with
not just species but OTUs and environmental samples requires
further standardization, and potentially the application of new
technologies for traceability. Such careful curation of species,
samples and subsamples comes with costs in terms of database
infrastructure, the adoption of existing or new technologies and
for training and capacity building.
Submission of Samples to a Museum or Other
Relevant Institution
When scientific investigations are complete (including for MGR),
samples or specimens are, according to best practice, archived in a
museum or other appropriate institution for permanent storage.
Such institutions require the resources to ensure that samples
are properly curated, and they are accessible to researchers at
a national, regional and global level. As part of the process
of submitting specimens or samples to such institutions they
are usually also assigned an accession number. This is also an
identifier and is linked to all the information associated with
the original sample, including the original sample identifier. In
both marine scientific and MGR research, specimens or samples
can be destroyed in which case voucher specimens or samples
can be submitted for archiving (the same species, types of
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samples or subsamples as the destroyed species/samples from
the same locality).
Enabling Access to Specimens/Samples
Enabling access to samples for marine scientific or MGR research
for scientists from developing States requires that information
on samples is findable and accessible. Information with respect
to samples should therefore be located on databases through
the world wide web. Ideally such information should enable the
identification of samples, specimens or species and their sampling
locations and be linked to data on where they are currently held
and information on how to access physical samples. These data
should also be linked to environmental and other information
collected during sampling events.
Enabling Access to Digital Sequence Information
There are more than 1,700 databases available through the world
wide web which hold data on DNA, RNA and protein sequences,
gene expression, small molecules, protein structures and
metabolic systems (Imker, 2018; Karger et al., 2019). However,
the main repositories of DSI are the European Molecular Biology
Laboratory’s European Bioinformatics Institute (EMBL-EBI), the
DNA Databank of Japan (DDBJ), and the National Centre for
Biotechnology Information (NCBI) in the United States (Karger
et al., 2019). Together, these form the International Nucleotide
Sequence Database Collaboration (INSDC; Karger et al., 2019). It
is not just best practice that DSI is deposited in these databases,
but it is often a requirement for submission of peer-reviewed
papers to scientific publications that contain such data. All data
submitted to DSI databases receive an accession number that is
unique to that particular data (e.g., sequence or set of sequences).
It is also best practice that all information pertaining to what
specimen/sample or species the sequence data have come from
as well as information or links to information on its geographic
origin is included in submission to these databases. The best way
to ensure this happens is by including the GUID of the original
specimen/sample in the submission of sequence data to the DSI
database. DSI submitted to these databases is freely accessible
to the public via the web. However, specialist knowledge is
required to understand how to search for, download and use such
resources for research on MGR.
Enabling Equitable Participation
It Is Important to Understand Needs and Aspirations
of Developing Countries and to Implement Measures
to Ensure Those Needs Are Met Over the Long Term
Leveling the playing field in marine scientific and MGR
research in ABNJ will require concerted and coordinated
efforts internationally over extended time to meet the needs
of developing States (Harden-Davies and Snelgrove, 2020).
Resourcing and training are expensive and so it is important
that the needs and aspirations of developing States are identified
so that resources are deployed, and partnerships forged to have
maximum impact in meeting those needs. The BBNJ agreement
would usefully enable discussion and identification of the needs
to enable access and benefit sharing, these would likely arise in
the following categories:
Skills and training
With respect to MGR this includes all stages of the scientific
process from planning research projects, writing proposals for
funding, EIA, undertaking research at sea, sample processing,
laboratory skills, training in use of advanced laboratory
equipment, acquiring and analyzing data, archiving data and
samples, preparation and submission of reports, research papers
and patents. Outside of postgraduate training (Masters or Ph.D.),
there is no single course that provides all of these skills so
it is likely that many ECRs or other experts from developing
countries will acquire these skills across multiple courses,
research placements, practical courses and through coproduction
of science and long-term mentoring and networking.
Equipment and shared/accessible infrastructure
It is important that access to advanced research vessels and
deep-submergence technologies, including low-cost but effective
sampling and survey tools (e.g., drop cameras) are opened-
up for training and research in ABNJ for marine scientific
and MGR research. Not only do opportunities need to be
created for participation in “at sea” research, but they must be
adequately disseminated internationally to enable all to access.
A one-stop shop for opportunities could be created through a
BBNJ agreement clearing-house mechanism or through a cruise
notification system.
Institutions
Access to adequately resourced advanced laboratories for training
and co-production of science and studies on MGR is a critical
aspect of access and benefit sharing. Equally, if not more
important, is building institutional capacity in developing States
for capacity building to have a long-term impact. Scientists
trained from developing States need employment opportunities
that use their talent. Dedicated personnel are also needed to
maintain and operate equipment and local leaders must be
empowered to develop lasting capacity and infrastructure.
Funding
Growing capacity for scientific research, including studying
MGR, requires international effort extended over time. The
funding required for such efforts is significant and needs to be
recognized as a benefit in the BBNJ agreement. Funding can
come through specific training programs, scholarships and many
other activities tailored to build capacity in developing States.
The BBNJ agreement should be a focal point to coordinate
funding and capacity building opportunities as well as a forum
for discussing funding priorities and garnering the support and
trust of funders.
Access to networks
Research networks, whether formal (e.g., professional societies)
or informal (e.g., collaborating scientists) provide a means to
identify and access capacity building opportunities through
training or coproduction of science. Under the BBNJ agreement,
opportunities should be identified to bring together early career
researchers (ECRs) from developing States with scientists from
developed countries to enable capacity building. This might
include sponsorship of international meetings related to marine
scientific or MGR research in ABNJ to enable meaningful
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participation by developing States or designing events to
encourage contact with research networks. Some initiatives such
as DOSI and the Deep-Sea Biology Society already provide grants
for ECRs from developing and small island States to participate in
large international symposia. Mentoring, of ECRs by more senior
scientists including across disciplines (e.g., bringing science to
policy) is a critical function of these networks and can develop
long-term collaborations.
Data and Samples
Access to data, such as DSI, for research on MGR requires
training, access to advanced computing facilities and reliable
connection to the internet. Digital information is now integrated
into all aspects of scientific research and so should not be a
secondary consideration in capacity building activities. Support
for such activities needs to be sustained as digital technologies
are advancing very quickly, enabling in silico approaches to
identification of MGR as well as other activities such as remote
participation in scientific cruises.
Development of capacity for marine science, including
research on MGR, also requires access to samples. It is therefore
important that samples are archived and made available for
research in ways that are findable and accessible. Researchers
need to be trained in the collection and curation of samples
and associated data as an integral part of ocean science. Whilst
many samples are held in large institutions in developed States,
consideration should be given to the development of regional
and national centers for depositing samples in developing States.
Examples of these already exist (e.g., South African Institute for
Aquatic Biodiversity) and can enable both the development of
national or regional programs in developing States and regions,
international collaborations and training of ECRs. The BBNJ
agreement represents a significant opportunity to convene and
coordinate such efforts at international and regional levels.
Communication
Translating science to management and policy is an important
aspect of training, especially for developing States. It is
therefore important that this should be included in capacity
building activities, including for non-scientific experts such as
those working in law, resource and ecosystem management,
governance and other relevant areas.
DISCUSSION: WHAT COULD THE BBNJ
AGREEMENT ACHIEVE?
Access and benefit sharing is important in the international
governance of biodiversity conservation and management. The
bilateral approach to access and benefit sharing within the
CBD is not applicable to ABNJ (CBD, 2020). The BBNJ
agreement represents an opportunity to clarify definitions and
regulations for access and benefit sharing of MGR resources
in ABNJ in a way that is fair and equitable and also
facilitates marine scientific research. It could increase rigor,
efficiency and effectiveness in a number of aspects of marine
scientific research including on MGR in ABNJ. This ranges
from improving approaches to pre-cruise notification and post-
cruise reporting, ensuring such activities are undertaken in
an environmentally sustainable manner, to more standardized
approaches to identifying and recording samples and associated
data as well as permanent archiving of samples and data in
ways which are findable and fully accessible (FAIR principles for
data).
A requirement for pre-cruise notification for government
and privately funded research in ABNJ as well as post-cruise
reporting would be consistent with existing best-practice. It
is important that any infrastructure or mechanism that is
established facilitates easy access to information on cruise
notification to enable opportunities for access and benefit
sharing – including capacity building. Better coordination
internationally would optimize the use of precious samples
gathered from some of the most remote ecosystems on
Earth.
The BBNJ agreement could promote global community
support for international research infrastructure, such as
databases, and capacity building efforts, as well as keeping
pace with the development of technologies and scientific
approaches to ensure that that the intent of the treaty is
realized over the medium to long term. Engaging diverse
voices from the scientific community worldwide, with the
institutional arrangements such as the Conference of the Parties
(CoP) and scientific and technical body could help to track
progress.
Capacity building is a key aspect of all international treaties
related to the ocean, but efforts are still fragmented, and
results slow to materialize. Robust provisions within the BBNJ
agreement for funding capacity building and technology transfer,
for coordination, and for communicating and meeting the needs
of developing States would support best-practice approaches.
The BBNJ agreement could, crucially, provide opportunities to
build scientific and technical capacity in nations where it is
not currently possible to engage equitably in research in ABNJ.
For example, by supporting training for scientists and other
marine experts, building capacity in marine sciences as well
as for sustainable management of marine resources and their
ecosystems both within ABNJ but also in areas within national
jurisdiction. With the right encouragement through equitable,
genuine and durable partnerships such as joint programs, this
will also provide developing States with the opportunities to
support building of scientific infrastructure and institutional
capacity and to invest in young scientists, building global
capacity in a more equitable way for marine science and ocean
management. If successful, the BBNJ agreement would improve
governance of the ocean as a whole at local, regional and global
levels.
Finally, we note that discussions are on the table for CBD
15th CoP in 2021 both on the definition of MGR, especially with
respect to digital sequence information but also on the possibility
of a Global Multilateral Benefit Sharing Mechanism (GMBSM;
CBD, 2020; Lyal and Zhao, 2020). It would be desirable that the
outcomes of discussions relating to the BBNJ agreement were
complementary with decisions made at CBD CoP (or thereafter)
with respect to these issues.
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